We have identified a novel gene encoding a pyrin domain protein of 89 amino acids that is expressed in various tissues including liver, brain, and spleen. The protein is highly homologous to the pyrin domain of apoptosis-associated speck-like protein (ASC). Therefore, we termed it ASC-like (ASCL). We found that ASCL gene was densely and frequently (80%) methylated in hepatocellular carcinoma (HCC) cell lines. In contrast, normal liver samples did not show any significant methylation. This aberrant methylation correlated well with the suppression of RNA expression. Furthermore, a demethylating agent, 5-aza-2-deoxycytidine, reactivated the ASCL expression in the methylation-silenced cells, indicating that ASCL is silenced by the associated DNA methylation. ASCL methylation was also found in primary HCC (4 of 17 samples), although the frequency was less than that in cell lines. In addition, we found that ASC was also methylated in primary samples (6 of the 17). Interestingly, either ASCL or ASC methylation was observed in 53% (9 of the 17) of primary HCC samples. Significantly, the restoration of ASCL in the methylationsilenced cells demonstrated growth suppression in colony formation assay. This growth suppression effect of ASCL was supported by apoptotic changes observed in ASCL-transfected cells in which annexin-V binding was positive and caspase-3 was activated. Based on the methylationsilencing and the growth suppression activity, we propose that ASCL plays a significant role in the development of HCC.
INTRODUCTION
Pyrin domain (also known as PAAD or DAPIN) is thought to be a member of death domain-fold superfamily including the death domain, death-effector domain, and caspase recruitment domain (CARD). Proteins with these domains are known to be involved in apoptotic or inflammatory pathways (1) . ASC, a member of the pyrin domain protein family, forms a speck-like aggregate under an apoptotic situation (2) . ASC has a CARD domain at the COOH terminus in addition to the pyrin domain and has been shown to activate procaspase-1 through the CARD-CARD interaction (3) . Thus, ASC functions in an inflammatory signaling. It has been reported that ASC, also referred as target of methylation-induced silencing (TMS1), was methylation-silenced in breast cancer and demonstrated growth suppression activity (4) . In addition, ASC bound to Bax with its pyrin domain and recruited it to mitochondria, resulting in cytochrome c release and activation of caspases (5) . These data suggest that ASC plays a crucial role in oncogenesis as well as in immunological reaction. We have isolated a NotI restriction fragment, termed spot 14 that has been found by restriction landmark genomic scanning (RLGS) analyses of human HCC (6 -8) . We identified a novel gene from the analysis of spot 14. The gene product, we termed ASC-like (ASCL), consists of a pyrin domain, which is highly similar to that of ASC. We further analyzed expression, DNA methylation, and functional characteristics of ASCL in HCC.
Colony Formation Assay. Cells were transfected with ASCL expression or backbone plasmid as described previously (12) and selected with 1 mg/ml of G418 for 4 weeks.
Apoptosis Assays. To detect apoptotic cells, annexin-V-Cy3 apoptosis detection kit (MBL) was used. Transfected cells were incubated with a solution containing Cy3 labeled annexin-V and washed with the binding buffer to remove unbound annexin-V. The cells were fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton X-100, incubated with anti-Xpress antibody (Invitrogen), and subsequently incubated with FITC-labeled secondary antibody (Jackson Immunoresearch). The cells were mounted in a medium containing 4Ј,6-diamidino-2-phenylindole (Vector Laboratories) and visualized using a confocal microscopy. Western blot analysis was carried out as described previously (12) . Anti-caspase-3 and ␤-actin antibodies were obtained from Santa Cruz Biotechnology and Sigma, respectively.
Immunofluorescence Analysis. Transfected cells were fixed with 3% paraformaldehyde and permeabilized with 0.1% Triton X-100. Mouse antiXpress (Invitrogen) and rabbit anti-HA (Santa Cruz Biotechnology, Inc.) antibodies were used to detect Xpress-tagged ASCL and HA-tagged ASC, respectively. The cells were incubated with Cy3 or FITC-labeled secondary antibody (Jackson Immunoresearch), stained with 4Ј,6-diamidino-2-phenylindole, and visualized using a confocal microscopy. For the analysis of speckpositive cells or multinucleated cells, a total of 200 cells expressing ASCL or/and ASC were monitored.
RESULTS

Cloning of ASCL.
We cloned a NotI restriction fragment from spot 14 whose aberration incidence was 27% in the RLGS analyses of HCC (6 -8) . BLAST search revealed that a cDNA clone, ZD54H05 (GenBank accession no. AF086332), was located in the CpG-rich region containing the NotI site (Fig. 1A) . Consistent with the length of cDNA sequence (556 bp), Northern blot analysis showed a single transcript of approximately 0.5 kb in length (Fig. 1B) . This RNA expression was detected in liver, spleen, and brain, but not in placenta. The cDNA sequence contains an open reading frame and an in-frame stop codon at the 5Ј position to the open reading frame (data not shown). Therefore, we concluded that ZD54H05 contains the fulllength transcript that encodes a protein of 89 amino acids. By comparing the cDNA with a genomic sequence, we found that the fulllength transcript is composed of two exons and the coding region lies only in the first exon. We also found that the protein is similar to the pyrin domain of ASC. Thus, we termed the new protein ASCL. These two proteins are 64% identical and 84% similar in the pyrin domain (Fig. 1C) . Although ASCL is composed only of the pyrin domain, ASC contains an additional CARD domain (Fig. 1D) . Interestingly, ASCL was located only 13 kb away from ASC in chromosome 16 .
ASCL Methylation and Expression Silencing in HCC Cell Lines. We analyzed the methylation of ASCL by MSP. Among 10 HCC cell lines, 8 (HuH1, HuH2, HuH4, Li-7, Hep3B, HT17, Kim1, and FLC4) were methylated (Fig. 1E) . In contrast, a normal liver sample was not. All of the methylated cell lines except Hep3B showed full methylation. Fine methylation mapping by bisulfite DNA sequencing revealed that HuH2 and Li-7 were almost completely methylated at the 39 CpG sites, but the nontumorous livers showed unmethylation in general (Fig. 1F) . These results indicate that ASCL gene is frequently and densely methylated in HCC. We next examined ASCL expression in the HCC cell lines. The unmethylated cell lines (HuH7 and PLC/PRF/5) and a normal liver showed ASCL expression. In contrast, methylated cell lines failed to show it (Fig. 1G) . Lack of ASCL expression was well correlated with ASCL methylation. To confirm methylation-silencing of ASCL, we used a methylation inhibitor, 5-aza-2Ј-deoxycytidine, and found reactivation of ASCL in all of the three HCC cell lines examined (Fig. 1H) . The partially methylated Hep3B also showed the reactivation. These findings indicate that suppression of ASCL expression is associated with aberrant methylation in the CpG island. In primary HCC samples, the MSP analysis showed aberrant methylation in 4 of 17 tumor samples (23.5%), whereas no methylation was detected in all of the nontumorous liver samples examined (Fig. 1I) .
Growth Suppression by ASCL. We performed colony formation assay to examine the effect of ASCL overexpression on cell growth. We used HuH2 cells with methylation-silenced ASCL and found that ASCL drastically suppressed growth compared with the control (Fig.  2A) . The growth suppression was also detected in Li-7 cells (data not shown). In the transient transfection, ASCL-expressing cells demonstrated the binding of annexin-V and condensed nuclei (Fig. 2B ). In addition, ASCL overexpression resulted in a cleavage of procaspase-3 ( Fig. 2C) , and this activation of caspase-3 was blocked when the cells were incubated with a general caspase inhibitor, Z-VAD-FMK. These findings support that ASCL has growth suppression activity.
DNA Methylation and Expression Silencing of ASC in HCC. ASCL and ASC are closely related in genomic orientation and highly homologous pyrin domains. Thus, we analyzed DNA methylation and expression of ASC in HCC. Among the 10 HCC cell lines, seven (HuH2, HuH4, HuH7, Li-7, PLC/PRF/5, Kim1, and FLC4) were methylated (Fig. 3A) . In contrast, no methylation was detected in the residual three cell lines as well as the normal liver sample. The expression analysis demonstrated that fully methylated cell lines (HuH2, PLC/PRF/5, and FLC4) failed to show the expression (Fig.  3B ), indicating that ASC is silenced in association with DNA methylation in these cell lines. ASC expression was detected in partially methylated cell lines, possibly because unmethylated allele was active. These results are consistent with the data in breast cancer cell lines (4) . In primary HCC, 6 of the 17 samples (35.3%) showed ASC methylation, whereas nontumorous liver samples did not (Fig. 3C) .
Immunocytological Characters of ASCL. ASCL showed small speck-like staining in 30% of the expressing cells when transfected in HuH2 cells (Fig. 4A ). These small specks were distributed in the nuclei and cytosol. Consistent with the character in HL60 and HeLa cells (2, 13, 14) , we observed that ASC formed a speck in cytosol of the transfected HuH2 cells (Fig. 4B) . When ASCL was coexpressed with ASC, the large ASC-specific speck appeared in cytosol, and ASCL colocalized with ASC in the speck (Fig. 4C) . Interestingly, the frequency of cells with ASC-specific specks was similar between transfection of ASC alone (18%) and cotransfection of ASC and ASCL (17%). We also found that multinucleated cells increased in either ASCL-or ASC-transfected cells (Fig. 4, D and E) . The frequencies of multinucleated cells were 12, 5, and 1% in ASCL, ASC, and control vector transfections, respectively. Although the formations of specks and multinucleated cells were commonly observed in ASCL-and ASC-transfected cells, we found some differences between ASCL and ASC. The speck of ASC was usually only one/cell (2, 13, 14) , however, that of ASCL was many in a cell and smaller in size (Fig. 4,  A and B) . ASCL and ASC demonstrated different subcellular localization patterns when they distributed homogenously in the cells. In some cells, ASCL localized in both the nucleus and cytosol (Fig. 4F,  a) , whereas in other cells, it localized either in the nucleus (Fig. 4F,  b) or cytosol (Fig. 4F, c) . In contrast, ASC did not show such movement and was found both in cytosol and nucleus (Fig. 4G) . These findings imply that ASCL shares a similar function with ASC in one part and also plays a different role from ASC in another part.
DISCUSSION
The RLGS analyses of genomic DNA in which methylation changes were monitored at NotI sites have been successful in isolating genes affected by DNA methylation (10, 12) . In fact, a tumor suppressor gene, SOCS-1, that was found in the RLGS analyses was shown to be silenced by the associated DNA methylation in HCC. In the successive search for methylation-silenced genes in HCC, we have isolated a new gene that encodes a pyrin domain protein. The transcript is approximately 0.5 kb in length and is expressed in normal tissues including liver, brain, and spleen. We termed the gene ASCL, because the gene product shares high similarity with the pyrin domain of ASC. We analyzed methylation of ASCL by MSP and found that 8 of 10 HCC cell lines were aberrantly methylated. Bisulfite DNA sequencing analysis demonstrated that the 5Ј noncoding region and exon 1 were markedly hypermethylated in HCC, although no significant methylation was found in normal samples. Taken together, ASCL is densely and frequently methylated in HCC cell lines. Reverse transcription-PCR analysis showed that ASCL expression was undetectable in 8 of the 10 HCC cell lines. Significantly, ASCL methylation and the suppression of expression were tightly correlated. Furthermore, the expression was reactivated by the treatment with 5-aza-2Ј-deoxycytidine. These results indicate that ASCL is silenced by DNA methylation in HCC. In primary HCC, ASCL was methylated in 23.5% of samples, although the methylation was observed in 80% of cell lines. The discrepancy between cell lines and primary samples of polyadenylated RNA from normal tissues was hybridized with the ASCL-specific probe. An approximately 0.5-kb band was detected. The ␤-actin probe was used as a standard. C, amino acid sequence of ASCL and the alignment with the pyrin domain (PYD) of ASC. ASCL is composed of 89 amino acids that are similar to the pyrin domain of ASC. ‫ء‬ and : indicate positions where ASCL and ASC have identical and similar residues, respectively. D, domain structures of ASCL and ASC. ASCL is composed only of a pyrin domain (PYD), whereas ASC is of a pyrin and a CARD domains. E, methylation silencing of ASCL in HCC. Ten HCC and a nontumorous liver samples were analyzed by MSP using primers designed around the translation start site. Visible bands in M Lanes are methylated 130-bp DNA products with methylation-specific primers ,and those in U Lanes are unmethylated 134-bp DNA products with unmethylation-specific primers. F, bisulfite sequencing analysis of ASCL. The translation start site is indicated as 0. Methylation status of 39 CpG sites in the genomic region from Ϫ58 through 348 was investigated in two HCC cell lines (HuH2 and Li-7) and two nontumorous liver samples. Eight individual clones were sequenced for each sample. Four samples (3, 14, 15, and 17) showed aberrant methylation. may be explained by a progression of methylation in cultured cells (15) . Nevertheless, ASCL was methylated in some primary samples, indicating that the ASCL-silencing is significant in cancer.
ASCL-transfected cells demonstrated reduced growth in colony formation assay, annexin-V binding, and caspase-3 activation. These results indicate that ASCL possesses growth suppression activity. Recently, the pyrin domain of ASC, but not the CARD domain, was reported to physically interact with caspase-8 (16) . In addition, a mutant ASC in the pyrin domain failed to induce apoptosis, although another mutant in the CARD domain could induce apoptosis. It was also reported that ASC bound to Bax with its pyrin domain and induced translocation of Bax to mitochondria, triggering activation of caspases (5) . These reports strongly suggest that a pyrin domain is critically involved in oncogenesis. Interestingly, ASCL suppressed growth of HuH2 cells lacking both ASCL and ASC, suggesting that ASCL is able to function without ASC at least in part. However, currently, the mechanism in which ASCL is involved in growth suppression is not known. Isolation of interacting proteins with ASCL is now under way to elucidate the precise functions of ASCL. We also analyzed DNA methylation of ASC. ASC was less frequently methylation-silenced than ASCL in HCC cell lines. Together with ASCL and ASC analyses, either of the genes was silenced in 9 of the 10 HCC cell lines. In primary HCC, ASCL was aberrantly methylated in 4 of the 17 samples (23.5%), and ASC was in 6 of the 17 samples (35.3%). Nine of the 17 samples (52.9%) were methylated in either ASCL or ASC. Because either ASCL or ASC is methylated in most HCC cell lines and in one-half of the primary samples, loss of the pyrin domain protein seems to be significant in acquiring growth advantage not only in transformed cells, but also in primary cancer. Two cell lines (HuH2 and FLC4) and one primary sample (sample 17) were hypermethylated in both ASCL and ASC. The concomitant hypermethylation may have a profound effect on cell growth because both p15 and p16 were methylated in pediatric T-precursor ALL and Burkitt's lymphoma (17) . Immunofluorescence analysis showed some similarities between ASCL and ASC. ASC is well known to form a speck in cytosol (2, 13) , and ASCL also can form small speck-like granules. In addition, both ASCL and ASC individually increased multinucleated cells. Interestingly, ASCL and ASC colocalized in ASC-specific speck when coexpressed. However, there are some different characters between ASCL and ASC. ASC-specific speck is large and only one per cell, but that of ASCL is smaller and many in a cell. Furthermore, ASCL showed various subcellular distribution patterns, whereas ASC either formed a speck in cytosol or distributed throughout a cell. These findings may come from the molecular similarity and the difference between ASCL and ASC. In fact, ASCL shares high similarity with the pyrin domain of ASC, however, ASC contains an additional CARD domain. During the preparation of this manuscript, POP1/ ASC2, which is the protein identical to ASCL, was reported as a modulator of ASC-mediated nuclear factor B and procaspase-1 activations (18) . Although ASCL seems to be involved in inflammatory pathways, it is particularly interesting that the pyrin domain protein, ASCL, was methylation-silenced and exhibited growth suppression activity in HCC. Additional studies are awaited to elucidate detailed functions of ASCL in oncogenesis. In conclusion, we cloned ASCL based on the RLGS analyses and identified the silencing by DNA methylation in HCC. We revealed that ASCL has growth suppression activity, and we further suggest that ASCL is able to Fig. 3 . Methylation-silencing of ASC in HCC. A, MSP analysis of HCC cell lines. Ten HCC and a normal liver that were the same samples used in Fig. 1E were analyzed by MSP. Visible bands in M Lanes are methylated 191-bp DNA products with methylation-specific primers, and those in U Lanes are unmethylated 196-bp DNA products with unmethylation-specific primers. B, reverse transcription-PCR of HCC cell lines. Ten HCC cell lines and a normal liver that were the same samples used in Fig. 1G were analyzed by reverse transcription-PCR with the ASC-specific primers. The amplified ASC products were 411 bp in length. C, MSP of primary HCC samples. Methylation of ASC was analyzed in the 17 primary HCC samples that were the same samples used in Fig. 1I . C, primary HCC sample; N, its nontumorous counterpart. Lane 18 is a positive control for methylated DNA. Six samples (6, 11, 12, 13, 16, and 17) showed aberrant methylation. 
